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NATIONAL AFRONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-183

USE OF EXPERIMENTAL STEADY-FLOW AERODYNAMIC PARAMETERS
IN THE CALCULATION OF FLUTTER CHARACTERISTICS FOR
FINITE-SPAN SWEPT OR UNSWEPT WINGS AT
SUBSONIC, TRANSONIC, AND
SUPERSONIC SPEEDS*

By E. Carson Yates, Jr.
SUMMARY

Flutter calculations for several swept and unswept wings through
the transonic speed range have been made by the modified strip-theory
method of NACA RM L57L10, which employs steady-flow aerodynamic param-
eters for the undeformed wing. Experimentally determined distributions
of steady-flow aerodynamic parameters for the undeformed wings were used
in the present calculations. Comparisons of these calculated results
with experimental flutter data and with calculations previously made by
using linearized-theory aerodynamic parameters indicate that the method
employed gives accurate flutter results for swept wings at subsonic,
transonic, and supersonic speeds. However, since this method of flutter
calculation is not applicable when the Mach number component normal to
the leading edge is near 1.0, it appears that the transonic flutter
characteristics of unswept wings cannot be calculated by the method as
given in NACA RM L57L10. An attempt was made to remove this limitation
by using experimental values of two-dimensional lift-curve slope (instead
of theoretical values) in the calculation of circulation functions when
the Mach number component normal to the leading edge was near 1.0.
Applying this procedure to two unswept wings removed the spurious
asymptotic rise of flutter speed near Mach number 1.0, but it did not
result in very close agreement between calculated and experimental flut-
ter speeds.

The possibility of obtaining estimates of flutter characteristics
for unswept wings by use of total aerodynamic parameters has also been
examined. Although no supersonic calculations were made using total
aerodynamic parameters, it appears that the procedure outlined gives
reasonable estimates of flutter characteristics at subsonic speeds.

*Title, Unclassified.
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INTRODUCTION

Reference 1 presented a strip-theory type of flutter calculation pro-
cedure for finite-span swept and unswept wings based on spanwise distribu-
tions of 1lift and pitching moment derived from distributions of aerody-
namic parameters associated with the undeformed wing in steady flow.l
Subscnic and supersonic flutter characteristics for several wings were
calculated by this modal analysis method and compared with experimental
flutter data. However, all the calculated results shown in reference 1
were obtained by the use of steady-flow aerodynamic parameters calculated
from linearized theory, and hence no calculations were shown for Mach
numbers near 1.0. Since minimum flutter speeds usually occur for Mach
numbers near 1.0, it was not possible to evaluate the minimum flutter
speed by using these theoretical steady-flow aerodynamic parameters.

Some linearized-theory methods exist for calculating three-dimensional
oscillating aerodynamic loads at sonic speed (for example, ref. 2). How-
ever, the application of such calculations to finite-thickness wings which
involve mixed-flow regions is open to question. The reliability of these
methods has not been proved in actual use.

The present report presents the results of flutter calculation for
several wings through the transonic range, made by the method of refer-
ence 1, but employing experimentally determined distributions of steady-
flow aerodynamic parameters obtained from wind-tunnel and flight tests.

It may be noted that use of experimental steady-flow aerodynamic param-
eters introduces into the flutter calculation some nonlinear aserodynamic
effects such as those of finite thickness and viscosity. The magnitudes
of these steady-flow nonlinear effects are believed to be approximately
correct for the oscillating wing as long as the frequency is not too high.

The possibility of obtaining estimates of flutter characteristics for
unswept wings by use of experimental total aerodynamic parameters is also
examined herein.

In the discussion of the limitations of the flutter calculation pro-
cedure in reference 1, it was pointed out that because a two-dimensicnal
lift-curve slope appeared in the expressions for the circulation functions
used, the method as presented was not applicable when the Mach number

1In the method of reference 1 spanwise distributions of steady-flow
section lift-curve slope and local aercdynamic center for the undeformed
wing are used in conjunction with the "effective" angle-of-attack distri-
bution resulting from the assumed vibration medes in order to obtain
values of section lift and pitching moment. Circulation functions modi-
fied on the basis of loadings for two-dimensional airfoils oscillating in
compressible flow are employed to account for the effects of oscillatory
motion on the magnitudes and phase angles of the 1ift and moment vectors.

CONFIDENTIAL
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component normal to the wing leading edge was very close to 1.0. (The
theoretical two-dimensional lift-curve slope, employed in the calcula-
tion of circulation functions in reference 1, approaches infinity as the
Mach number component normal to the wing leading edge approaches 1.0.)
The possibility of removing this limitation by using experimental values
of two-dimensional lift-curve slope in the circulation functions is
examined in the present report.

Flutter characteristics calculated by using experimentally deter-
mined distributions of static aerodynamic parameters are herein com-
pared with experimental flutter data, and with the flutter character-
istics calculated for the same wings in reference 1 from the theoretical
distributions of static aerodynamic parameters. Uncoupled vibration
modes are employed in all flutter calculations. Calculations are shown
for three swept wings of aspect ratio 4.0, taper ratio 0.6, quarter-
chord sweep angle 45°, and local center-of-gravity positions at approxi-
mately 34 percent chord, 46 percent chord, and 58 percent chord. Calcu-
lations are shown for two unswept wings of aspect ratio 4.0, taper ratio
0.6, quarter-chord sweep angle O, and local center-of-gravity positions
at approximately 45 percent chord and 59 percent chord. Finally, some
flutter characteristics calculated by using experimentally determined
total static aerodynamic parameters are shown for the two unswept wings
mentioned previously and for a wing of aspect ratic 4.0, taper ratio 1.0,
sweep angle 0, and local center of gravity at 50 percent chord.

SYMBOLS
A aspect ratio of full wing including fuselage intercept
a nondimensional distance from midchord to elastic axls measured

perpendicular to elastic axis, positive rearward, fraction of
semichord b

ac nondimensional distance from leading edge to local aerodynamic
center (for steady flow) measured streamwise, fraction of
streanmwise chord

ac nondimensional distance from midchord to local aerodynamic

n
center (for steady flow) measured perpendicular to elastic
axis, positive rearward, fraction of semichord b, see
equation (2)

acy value obtained by applying equation (2) to total ac value for

the wing. Total ac 1is defined as the nondimensional dis-
tance from leading edge of mean aerodynamic chord to wing
aerodynamic-center position (for steady flow) measured
streamwlise, fraction of mean aerodynamic chord.

CONFIDENTTIAL
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semichord of wing measured perpendicular to elastic axis

semichord of wing measured perpendicular to elastic axis at
spanwise reference station 1 = 0.75

complex circulation function, ¥ + iG

local lift-curve slope for a streamwise section in steady flow

local lift-curve slope for a section perpendicular to elastic
axis in steady flow

total lift-curve slope for wing in steady flow

real part of complex circulation function C
imaginary part of complex circulation function C

reduced frequency based on spanwise reference station (n = 0.75)
b..w
T

and on velocity component normal to elastic axis, ———
V cos Agg

stream Mach number

Mach number component normal to the leading edge

flutter speed, measured parallel to free stream (experimental
values or values calculated by the method of ref. 1)

calculated reference flutter speed obtained by using Cy =2n.
a,n

1 .
3%1:'5) and C = Fp + iGy

g - 1]

sweep angle, positive for sweepback

taper ratio of full wing including fuselage intercept

nondimensional coordinate (either spanwise or along elastic
axis) measured from wing root, fraction of exposed panel
span or fraction of wing length

air density

CONFIDENTIAL



w circular frequency of vibration

Wy circular frequency of first uncoupled torsional vibration
mode of wing measured about elastic axis

Subscripts:

e/l quantities associated with wing quarter chord

Q/2 quantities associated with wing midchord

Jie quantities associated with wing 40 percent chord

ea quantities associated with wing elastic axis

C circulation functions obtained from oscillatory aerodynamic

coefficients for a two-dimensional wing in compressible flow

I circulation functions for two-dimensional incompressible flow

PROCEDURE FOR USING EXPERIMENTAL STEADY-FLOW AERODYNAMIC
PARAMETERS IN THE FLUTTER CALCULATIONS
Since the experimental steady-flow aerodynamic parameters used
herein were obtained from several sources, and since these parameters
are applied to several wings, table I has been prepared as a guide to
the flutter calculations presented in this report.
Spanwise Distributions of Lift-Curve Slope

and Aerodynamic Center

Wings with 459 sweepback.- Experimental spanwise distributions of
steady-flow lift-curve slope Cy and aerodynamic center ac for the
a

plan form of A = 4.0, A = 0.6, Acfy = 45° were obtained from the

data of references % and 4 over the Mach number range from 0.6 to 1.2.
It should be noted that the wing of references 3 and 4 was 6 percent
thick (NACA 65A006 airfoil) while the experimental flutter data of
references 5 and 6 with which calculated flutter characteristics are to
be compared, were obtained with wings that were 4 percent thick (NACA
65A004 airfoil). No correction has been applied to the steady-flow
aerodynamic parameters to account for this difference of thickness.
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Since the modified strip analysis of reference 1 utilizes aerocdy-
namic and structural quantities associated with wing strips normal to
the wing elastic axls, equations (B6) dand (B7) of reference 1 were used
to convert Cla and ac (associated with the streamwise direction) to

Cy and ac, (associated with the direction normal to the elastic
a,n

axis). (See solid curves of figs. 1 and 2.) For convenience, these

geometrical relations are repeated here in the notation of the present

report:

Cy

a
Za,n cos Aea (l)

acy = |2ac {cos Agy + [}an Ac/h = % %_:_%(l - Eaﬂ sin Aea}
+

- (1 + a) Eos Agg + @mn Aoy + % i ; i)sin Ae% cos Ngg + & (2)

Crossplots of these values of Cy and ac, against stream Mach num-
a,n

ber M for several spanwise stations are shown in figure 3.

Direct application of equations (1) and (2) for supersonic speeds
immediately raises & question with regard to the 17 station at which

the tip begins to affect C, and acp. As shown in the accompanying
a,n

v
Leading
edge

sketch,

Elastic"
axis

Trailing
edge

Mach line
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a consideration only of strips normal to the elastic axis, indicates
that the tip influences strips only outboard of point S. However, the
experimental distributions of ClCL and ac obtained from the data of

references 3 and 4 are associated with the streamwise direction, and
hence the tip affects all strips outboard of point N. In order to
adapt the streamwise data near the tip to the strip orientation employed

in the flutter calculation, the Cz . and acy distributions obtained
b4

from equations (1) and (2) were cut at station N, and the portions out-
board of that point were affinely compressed into the 10 range outboard
of point S by the relation

-7 <
= Neorrected = (1 - ﬂ)l - (WN =0 = l) (3)
N
The Cy and ac, values inboard of point N were, of course, left
o,n

unchanged. In the gap thus created between points N and S the Cla n
2

and acp curves were closed by a faired line which as nearly as possible
represented an extension of the inboard values. Thus tip effects are
confined to wing sections outvoard of point S, and the faired loading
between sections N and S logically represents a continuation of the
inboard loading and is unaffected by the tip. Values of Cla,n and acp

obtained in this manner are given by the dashed curves of figs. 1 and 2.

Figures 1 and 2 indicate that compared to values of C; and acp
a,n

obtained directly from equations (1) and (2), the result of the above
alteration is to increase the lift-curve slope and to move the aerody-
namic center rearward in the tip region. These changes will in general
oppose each other in their effect on the calculated flutter speed. For
supersonic Mach numbers flutter calculations have been made both with the

Cy and ac, values obtained directly from equations (1) and (2)
a,n
(solid curves of figs. 1 and 2) and with Cl@ n and ac, values altered
2

as described above (dashed curves of figs. 1 and 2).

From the preceding sketch it also appears that a strict integration
of lifting pressure in the direction normal to the elastic axis will
yield finite loads as far outboard as point T. However, in accordance
with the strip-analysis method of reference 1, no loads are considered
outboard of 71 = 1.0.

The wing of references 3 and 4 was statically tested in the presence
of a fuselage with maximum radius equal to 13.9 percent of the wing semi-
span. The flutter data with which the calculated flutter characteristics
for the 45° wings are to be compared (refs. 5 and 6) were obtained in the
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presence of a fuselage with radius equal to 21.9 percent of the wing

semispan. Therefore, only the values of Cy and ac, outboard of
a,n

the 21.9-percent-semispan station were used in the flutter calculations.
That is, 1 = O corresponds to 21.9-percent semispan. The effects of

the different fuselage sizes on the distributions of Cy and acp
a,n

are generally confined to the neighborhood of the wing root. Such
effects should therefore have negligible influence on the calculated
flutter characteristics.

Unswept wings with taper ratioc of 0.6.- Experimental spanwise dis-
tributions of steady-flow lift-curve slope Cla and aerodynamic center

ac for the plan form of A = 4.0, A = 0.6, Ag/l = O were obtained

from the data of reference 7 over the Mach number range from 0.6 to
1.05 and from unpublished flight test data for the X-1E airplane at
M = 1.41. The wing of reference 7 had A = 4.0, A = 0.5, Agf2 = 0,

and hence had a plan form which was slightly different from that of the
flutter-tested wings (ref. 5). However, the wing of reference 7 as well
as the flutter-tested wings had NACA 65A004 airfoil sections. The wing
of the X-1E airplane had A = 4.0, A =0.5, A . =0, and a modified

NACA ©LAOOL airfoil, and thus also differed slightly in plan form and
airfeoil from the flutter-tested wings. No correction was applied to the
steady-flow aerodynamic parameters to account for these small differ-
ences, and the distributions of Cla,n and ac, obtained from the data

of reference 7 and from the unpublished data for the X-1lE airplane were
used directly in the flutter calculations.

For the unswept wings the effect of the wing tip on the steady-flow
aerodynamic parameters for each wing strip is properly accounted for
without application of a tip correction of the type previously discussed
for swept wings. For unswept wings the freestream direction and the
direction normal to the elastic axis essentially coincide so that

and
acp, = 2ac - 1
The wing of reference 7 was statically tested in the presence of a
fuselage with maximum radius equal to 12.35 percent of the wing semispan,

and the maximum fuselage radius of the X-1E airplane was 20.5 percent of

CONFIDENTIAL



> e - - - . - - - - -

[ -
vw - .o w - vew - -
- - - -
-

oo GONFIDERTEAE <~ -1- 0 =i= Zewe Ion 9

Ot

the wing semispan. The flutter-test wings of reference 5 were tested in
the presence of a fuselage with radius equal to 21.9 percent of wing
semispan. The treatment of these different fuselage sizes 1s the same
as that described previously for the 450 swept wings.

The spanwise distributions of Cy and ac, obtained from the
a,n

data of reference 7 are shown in figure 4. Crossplots of these values
of Cy and ac, against stream Mach number for three spanwise sta-
a,n

tions are shown in figure 5. OSpanwise distributions of Cy and acy
a,n

obtained from flight-test data for the X-1E airplane at M = 1.41 are
shown in figure 6 and are compared with values from reference 1 calcu-
lated from linearized supersonic-flow theory.

Total Lift-Curve Slope and Aerodynamic
Center for Unswept Wings

The feasibility of using experimental total lift-curve slope CLOL

and aerodynamic center acy in flutter calculations has been investi-

gated for three unswept wings. It has been observed for a number of

unswept wings that the spanwise distribution of Cy CL& does not vary
a

greatly as stream Mach number M increases from subsonic to transonic
to low supersconic. Furthermore, the spanwise distributions of experi-
mental Cla CL; have been found to be close to those calculated by the

method of reference 8. Therefore, the total lift-curve slope CLa is

introduced into the flutter calculation as a multiplying factor applied
to the calculated spanwise distribution of C CLu obtained from the
o

method of reference 8 for M = 0.75. Thus

Cla

Cy = <CLa> x (=2 (4)
a M C
) CXP la M = 0.75,calc

In the absence of a reliable method for estimating spanwise distribution
of aerodynamic center at transonic speeds it is assumed in all flutter
calculations involving total aerodynamic parameters that ac 1is constant
across the span and that

ac = aCt,tg] (5)
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where acyytgy 18 referred to the mean aerodynamic chord. Although

equation (5) may be reasonably valid for unswept wings at subsonic
speeds, 1t is realized that equation (5) is not a good approximation
to the loading characteristics of a wing at transonic and supersonic
speeds. It does, however, permit the introduction of the qualitative
variation of aerodynamic center with Mach number. The appropriateness
of equation (5) will, of course, be determined by the results obtained
by using 1it.

Unswept wings with taper ratio of 0.6.- For the plan form of
A =4%.0, XN=0.6, Ag/y = 0, experimental values of Cp_~ and acy in

the Mach number range from 0.6 to 1.15 were obtained from the data of
reference 9. These values are shown in figure 7 together with the span-
wise distribution of Cy for M = 0.75 calculated by the method of

o

reference 8.

Unswept wings with taper ratio of 1.0.- For the wing of A = 4.0,
A= 1.0, Ac/h = 0, experimental values of C; and acy were obtained
o

from reference 10 in the Mach number range from 0.6 to 1.10 and from ref-
erence 11 in the Mach number range from 0.4 to 1.05. The wing of refer-
ence 10 had an NACA 65A004 airfoil, and that of reference 11 had an NACA
63A004 airfoil. The wing for which the flutter-test data were given in
reference 12 had a 4-percent-thick hexagonal airfoil. The CLa and acy

values obtained from the data of references 10 and 11 are shown in fig-
ure 8 together with the spanwise distribution of Cla for M= 0.75 cal-

culated by the method of reference 8.

Use of Experimental Two-Dimensional Lift-Curve Slope in the
Calculation of Circulation Functions

In the flutter calculation procedure of reference 1 the expression

Fe
R iGI>
Fr

was used for the complex circulation function. In this expression

CONFIDENTIAL
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(27,0'L ) E(ezc‘; - z") - nkfg
Fg = 2 (6)

2

k

c, 1+ (—m”)J
a,n 2

Z; are aerodynamic coefficients given in refer-

where 15, 1., 1§

[0 %4
ence 1% for two-dimensional airfoils oscillating in compressible flow,
and Cy is the two-dimensional steady-flow lift-curve slope associl-
a,n

ated with the Mach number component MLE normal to the leading-edge.

In the calculations of reference 1 linearized-theory values were
used for the Cla o in equation (6). That is,
)

c, 2 for M <1 )
a,n  BIE
> (7)

2 for Mg >1

BiE )

1

where Brp = JIMLEE - ﬂ . If equation (7) is used in equation (6), it
can be seen that Fo =0 for Mp = 1. Consequently, a range of Mach
number in the vieinity of My = 1 is ilnaccessible to the method as

presented in reference 1. The possibility of removing this limitation

by using experimental values of two-dimensional steady-flow Cj in

a,n
equation (6) is investigated herein for the two unswept wings with taper
ratio of 0.6.

Experimental values of two-dimensional Cla for the NACA 65A004
airfoil were obtained from reference 14 over the Mach number range from
0.8 to 1.25. These values are reproduced here in figure 9. Figure 9

C2
also shows the variation with Mach number of two-dimensional ——Jiﬁzfg—.

Cy
a,theor
Values of Fp calculated by use of the theoretical values of equa-

tion (7) can be converted to the experimental Cla base (for the NACA

ClafeXP

G5A00k airfoil) by dividing the Fp by these values of 5
1

a,theor
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RESULTS AND DISCUSSION

Presentation of Results

The wing configurations for which flutter calculations were made
are sumarized in table I. Table I also indicates the sources of the
experimental steady-flow aerodynamic parameters used. Flutter charac-
teristics have been calculated by use of experimentally determined
spanwise distributions of steady-flow lift-curve slope and aerodynamic
center (figs. 1 to 6) for five wings of aspect ratio 4.0, taper ratio 0.6,
and quarter-chord sweep angles 0° and 45°. Flutter characteristics based
on experimental total aerodynamic parameters (figs. 7 and 8) have been
calculated for three unswept wings of aspect ratio 4.0 and taper ratio
0.6 and 1.0. Exploratory flutter calculations employing experimental two-
dimensional steady-flow lift-curve slopes in the circulation functions
for Mg near 1 have been made for the two unswept wings of taper ratio

0.6. Structural datas as well as experimental flutter data for all of
these wings were obtained from references 1, 5, 6, and 12.

Since calculated flutter characteristics appear not to be very sensi-
tive to slight changes in mode shapes, and since the wings of this study
are not highly tapered, all flutter calculations presented herein were
made by using the uncoupled mode shapes of a uniform cantilever beam. In
all cases the first torsion mode and the first and second bending modes
were used.

Unless otherwise indicated the subsequent discussion deals entirely
with results obtained with circulation functions calculated by using theo-
retical two-dimensional lift-curve slopes (eq. (7)) as in references 1 and
15.

Wing designation.- The three-digit system used to identify the wings
with taper ratio of 0.6 is the same as that used in references 1, 5, and
15. The first digit in this system is the aspect ratio of the full wing
to the nearest integer. The second and third digits give the quarter-
chord sweep angle to the nearest degree. For example, wing 445 has an
aspect ratio of 4, a sweep angle of 459, and a full-wing taper ratio of
0.6. Since some of the wings discussed in this paper have identical plan
forms but different center-of-gravity positions (ref. 6), a single letter
is appended to the plan-form designation to signify a forward or rearward
shift in center of gravity. For example, wing 445 has a center of gravity
at approximately 46 percent chord, whereas the center of gravity of wing
L4SF is at about 34 percent chord, and that of wing 445R is at about
58 percent chord. Wing 400 has a center of gravity at approximately
45 percent chord, but wing 4OOR has a center of gravity at about 59 per-
cent chord.
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For the wing with taper ratio of 1.0, the same system is used,
except that a fourth digit 1 is added to distinguish the taper ratio.
Thus wing 4001 has a full-wing aspect ratio of 4, a sweep angle of O,
and a taper ratio of 1.0.

Flutter characteristics.- Calculated flutter characteristics V/VR

and w/wa‘ are compared in figures 10 to 21 with experimental flutter data

and with flutter characteristics calculated for the same wings in refer-
ences 1 and 15 from theoretical distributions of aerodynamic parameters.
The experimental flutter points shown were obtained at various values of
density p, whereas, for a particular wing, all of the points calculated
in this investigation and in reference 1 were obtained at a constant value
of p which represented approximately an average of the experimental den-
sities. For each experimental point, however, the normalizing Vi was

calculated by using the appropriate experimental density. On the basis of
previous experience, it appears that normalizing the experimental flutter
speeds in this manner accounts for the major effects of density so that

the resulting (V/VR)exp is considered to depend only slightly on p, at

least over the range of density variation which occurs herein. The
variation of V/VR with density is examined in detail in reference 15.

The reference flutter speeds Vg wused in references 5 and 12 for

wings 400 and 4001 were calculated by employing only two degrees of free-
dom (first bending and first torsion). Since three-degree-of-freedom cal-
culations yield values of Vi which are slightly different from the two-

degree-of -freedom values, the experimental V/VR values for these two

) ) Vg (for two degrees of freedom)
wings have been mutliplied by the ratio

VR (for three degrees of freedom)

so that both calculated and experimental flutter-speed ratios as presented
herein are normalized by VR for three degrees of freedom.

Swept Wings — Wings 445, L4SF, LUSR

Flutter speeds.- For wings 445, L4LSF, and L45R values of V/VR

(figs. 10 to 12) calculated from experimental distributions of Cy
a,n

n (for the undeformed wing in steady flow) (figs. 1 and 2) are
in good agreement with experimental V/VR values at subsonic, transonic,

and ac

and supersonic speeds and are also in good agreement at subsonic and
supersonic speeds with values calculated from theoretical distributions

CONFIDENTTAL



- LI - - - =

.. - - - * - - v sw

LI )

- - - - “wew - v -
e oo e - wew e w LA I * weww wwew -

14 CONFIDENTIAL

of Cla and acp (refs. 1 and 15)1. When comparing flutter charac-
,0

teristies obtained from these three sources, however, it should be
remembered that the experimental distributions of Cla n and acp
2

used were obtained from data for a 6-percent-thick wing while the experi-
mental flutter points were obtained with h4-percent-thick wings. It is
observed that the dip which appears in the V/VR curves (figs. 10 to 12)

in the range 0.8 <M < 1.0 is coincident with a relatively sharp for-
<ard shift in ac, position for the 6-percent-thick wing (fig. 3).

Since this ac, shift might be expected to be somewhat less severe for

a h-percent-thick wing, use of experimental aerodynamic parameters for a
h-percent-thick wing might be expected to result in a somewhat shallower
dip in the V/VR curves. The above-mentioned effect of ac, change is

believed to be the principal inaccuracy resulting from use of aerodynamic

parameters for a 6-percent-thick wing. Figure 3 shows that the values of

¢y and ac, for M = 0.94 and M = 0.96 differ significantly from
o,n

the curves faired through the remainder of the data. Because of this
deviation the flutter points calculated for these two Mach numbers have
been ignored in fairing the V/VR curves in figures 10 to 12.

Figure 10 shows flutter speeds for wing 445 at supersonic Mach num-

bers calculated from experimental distributions of Cy and acp
a,n

b

obtained both by directly applying equations (1) and (2) to data for
streanwise sections (solid curves of figs. 1 and 2) and by adapting
these values near the tip to the strip orientation employed in the flutter
calculation procedure as described previously (dashed curves of figs. 1
and 2). The flutter speeds resulting from these two methods of evalu-
ating Cla 0 and ac, are so close together that use of the strip-

J
orientation adaptation is considered unnecessary at least for the wings
of this investigation. Accordingly, for wings L4SF and L45R equations (1)
and (2) are applied directly for all Mach numbers.

Figure 10 alsc shows flutter speeds at subsonic Mach numbers calcu-
lated by using circulation functions for incompressible flow (C=Fr+ iGp).

It appears that subsonic flutter speeds calculated in this manner for
wing 445 are low by no more than about 5 percent up to M = 0.90. This
result further confirms the statement in reference 1 that the modified

lFor the subsonic points calculated from theoretical serodynamic
parameters the value of acp has been obtained from equation (2) with

ac = 1 as discussed in reference 15. The V/VR and “th‘ curves shown

in figures 10 to 21 are identical to those of reference 15.
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circulation function C fg(FI + jﬁﬁ) need be employed only at high
I
subsonic and supersonic speeds. Reference 15 discusses this point
further in connection with flutter calculations employing theoretical

distributions of Cza n and acp.
)

Flutter frequencies.- For the three 45° swept wings values of w/ay

(figs. 13 to 15) calculated from experimental distributions of Cj
o,n

and acp are in good agreement with experimental wﬂgl values at sub-

sonic and transonic speeds and are also in good agreement at subsonic and

supersonic speeds with values calculated from thecretical distributions

of Cla n and acp (refs. 1 and 1%). For all three wings at transonic
J

speeds the w/mg‘ curves calculated from experimental aerodynamic param-

eters turn upward tending to follow the trend of the experimental m/wo‘

values. At Mach numbers past 1.0, however, the upward trend is halted,
and the curves then tend to follow those calculated from theoretical
aerodynamic parameters.

Figure 13 shows flutter frequencies for wing 445 at supersonic Mach
numbers calculated from experimental distributions of C;  and acp

)
obtained both by directly applying equations (1) and (2) to data for
streamwise sections (solid curves of figs. 1 and 2) and by adapting
these values near the tip to the strip orientation employed in the flutter
calculation procedure (dashed curves of figs. 1 and 2). The closeness of
the frequencies which result from these two methods of evaluating Cla,n

and acp confirms the statement (made previously in connection with

flutter speeds) that the strip-orientation adaptation is unnecessary here.
Figure 13 also shows flutter frequencies at subsonic Mach numbers

calculated by using circulation functions for incompressible flow

(C = FT + 1G1). The differences between these frequencies and those cal-

F
culated by using the modified circulation function C = fg(FI + iGI) are
I

very small for all subsonic Mach numbers.

Unswept Wings with Taper Ratio of 0.6 — Wings 400, LOOR

Flutter speeds.- For wings 400 and 4OOR values of V/Vg (figs. 16
and 17) at M = JE; calculated from distributions of Cla,n and acy

CONFIDENTTAL
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obtained from flight tests of the X-1E airplane, are in much better

agreement with the experimental flutter data than are the values calcu-

lated from linearized-theory aerodynamic parameters, especially for

wing 400. The distributions of Cza n and ac, obtained from the X-1E
J

data are compared with values calculated from steady-flow linearized
theory in figure 6. This comparison shows that the Cza n distribution
3

is accurately predicted by linearized theory except near the fuselage.
However, as might be expected the linearized theory predicts aerodynamic-
center positions that are too far rearward. References 1 and 15 hypothe-
sized that for wing 400 at supersonic Mach numbers the poor agreement
between experimental flutter speeds and those calculated from steady-flow
linearized-theory aerodynamics was related to the close proximity of the
local aerodynamic centers to the local centers of gravity and to the

fact that linear theory predicts too-far rearward aerodynamic centers.
For wing 400 at supersonic Mach numbers the great sensitivity of calcu-
lated flutter speed to small changes in aerodynamic-center position was
demonstrated in reference 15. Comparison of the flutter speeds calcu-
lated from the X-1E data and from linearized-theory aerodynamic param-
eters gives further evidence of this sensitivity. In view of this
sensitivity and in view of the fact that the differences in aerodynamic
center shown in figure 6 are caused by finite wing thickness, viscosity,
and other nonlinear effects, it seems doubtful that accurate supersonic
flutter speeds for this wing could be obtained by using any linearized
theory.

For wings 400 and 4OOR, values of V/VR (figs. 16 and 17) calcu-

lated from Cy and acp distributions obtained from the data of
o,n

reference 7 (fig. 4) appear to be consistent with the experimental

flutter points for Mach numbers up to 0.8. Since Mjp ~ M for these

unswept wings, and since the circulation function Fy approaches O as
M;p approaches 1, the Mach number range near M =~ M;p = 1.0 for these

wings is not accessible to the calculation procedure as given in refer-
ence 1. (See previous discussion of this point.) As shown in fig-
ures 16 and 17 for Mach numbers near 1.0, the calculated flutter speeds
appear to increase without limit.

As indicated previously, an attempt was made to eliminate this
spurious behavior of the V/VR curves by employing experimental values

of the two-dimensional lift-curve slope (fig. 9) in the calculation of
the circulation function Fg for Mach numbers near 1.0 (Mg near 1.0).

The V/VR values obtained in this manner are shown in figures 16 and 17.
It may be seen that although finite V/VR values are obtained for
M = 1.0, the agreement with experimental V/VR values still is not good.
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Accordingly, the artifice employed in the computation of the circulation
functions for these flutter calculations is not used further.

Values of V/VR for wings 400 and LOOR calculated by using total

lift-curve slope and aerodynamic center (fig. 7) as described previously
are shown in figures 16 and 17. These values are in good agreement with
the experimental values up to M = 0.8. Above this Mach number the
limitation on the circulation function just discussed is again indicated
by a spurious rise in the calculated flutter speed.

Flutter frequencies.- For wings 400 and 400R values of w/ay,
(figs. 18 and 19) at M =\/2, calculated from distributions of Cza N

3
and ac, obtained from flight tests of the X-1E airplane (fig. 6), are
in good agreement with the experimental flutter frequencies. Comparing
these calculated frequencies with those calculated from linearized-theory
aerodynamic parameters (refs. 1 and 15) shows that use of aerodynamic
parameters for the X-1E airplane results in a very large frequency
reduction for wing 400 but only an insignificant reduction for wing 4OOR.
This large frequency change for wing 400 again indicates the great sensi-
tivity of calculated supersonic flutter characteristies for that wing to
small changes in aerodynamic-center position. (See previous discussion
of flutter speeds and reference 15.) Flutter frequencies for wings 400
and 400R calculated by use of steady-flow aerodynamic parameters obtained
from the data of reference 7 (fig. 4) are somewhat closer to the experi-
mental flutter frequencies than are the curves faired through points
calculated from linear-theory aerodynamic parameters. Flutter frequencies
for these two wings calculated by use of experimental values of total
aerodynamic parameters (fig. 7) closely follow the values calculated from
distributions of linear-theory aerodynamic parameters.

Unswept Wing with Taper Ratio of 1.0 — Wing LOOL

Flutter speeds.- Values of V/VR for wing 4001 calculated by using

total lift-curve slope and aerodynamic center (fig. 8) are shown in fig-
ure 20. These values are in fairly good agreement with the experimental
flutter points up to about M = 0.85, but above this Mach number a spur-
ious asymptotic rise in the calculated flutter speed again appears as

M = My approaches 1.0. It should be remembered that the aerodynamic

parameters of figure 8 were obtained with wings with NACA 63A00L4 and
NACA 65A004 airfoil sections (rounded leading edge), while the experi-
mental flutter points were obtained with wings with a L4-percent-thick
hexagonal airfoil (sharp leading edge). It is recognized that even
though the wings of figure & and reference 12 have the same thickness,
these differences of airfoil shape (especially leading-edge radius) can
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lead to significant differences in the lift-curve slope and aerodynamic
center, particularly at Mach numbers near 1.0. At high subsonic speeds,
for example, it is probable that the aerodynamic center for the flutter
wings was slightly farther rearward than the positions indicated in
figure 8. If properly accounted for this condition would result in cal-
culated flutter speeds slightly higher than those shown in figure 20.

Flutter frequencies.- Flutter frequencies (fig. 21) calculated by
using the aerodynamic parameters of figure 8 are slightly lower than
frequencies calculated by using linear-theory aerodynamic parameters,
particularly at high subsonic and transonic speeds.

CONCLUDING REMARKS

Flutter calculations for several swept and unswept wings through the
transonic speed range have been made by the modified strip-theory me thod
of NACA RM L57L10, which employs steady-flow aerodynamic parameters for
the undeformed wing. Experimentally determined distributions of steady-
flow aerodynsmic parameters for the undeformed wings were used in the
present calculations. Comparisons of these calculated results with
experimental flutter data and with calculations previously made by using
linearized-theory static aerodynamic parameters indicate that the method
employed gives accurate flutter results for swept wings at subsonic,
transonic, and supersonic speeds. However, since this method of flutter
calculation is not applicable when the Mach number component normal to
the leading edge is near 1.0, it appears that the transonic flutter
characteristics of unswept wings cannot be calculated by the method as
given in NACA RM L57L10. An attempt was made to remove this limitation
by using experimental values of two-dimensional 1ift-curve slope (instead
of theoretical values) in the calculation of circulation functions when
the Mach number component normal to the leading edge was near 1.0.
Applying this procedure to two unswept wings removed the spurious asymp-
totic rise of flutter speed near Mach number 1.0, but it did not result
in very close agreement between calculated and experimental flutter speeds.

The possibility of obtaining estimates of flutter characteristics for
unswept wings by use of total aerodynamic parameters has also been exam-
ined. Although no supersonic calculations were made using total aerodyna-
mic parameters, it appears that the procedure outlined gives reasonable
estimates of flutter characteristics at subsonic speeds.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., August 26, 1959.
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(b) M = 0.80.

Figure 1.- Distributions of steady-flow aerodynamic parameters obtained
from the measured load distributions of reference 3 for a wing of

A =40, N =0.6, AC/4 = 1+5°, and NACA 65A006 airfoil. Symbols
indicate values used in flutter calculations. Solid curves were
obtained directly from equations (1) and (2). Dash curves were
obtained by altering the results from equations (1) and (2) to con-
form to strip theory near the tip.
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Figure 1.- Continued.
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A = 0.6,

Ac/y = 145°, and NACA 65A006 airfoil.

values used in flutter calculations.
directly from equations (1) and (2).
by altering the results from equations (1) and (2) to con-
form to strip theory near the tip.
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Figure k.- Continued.

M = 0.85.
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Figure 5.- Variation of steady-flow aerodynamic parameters with Mach
number for three spanwise stations on the wing of reference 7.
A= L4.0; A= 0.5; Ac/2 = 0; NACA 65A004 airfoil.
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(a) Experimental steady-flow total aerodynamic parameters obtained
from reference 9 for a wing of A = 4.0, A = 0.6, Ac/l = 0,
and NACA 65A004 airfoil.

T

(b) Calculated spanwise distribution of Clg,n Wwhich was used in

combination with the experimental steady-flow total aerodynamic
parameters of figure T(a) in flutter calculations for wings 400

and 4OOR. Values of Cle.n Shown were calculated by the method
)

of reference 8 for M = 0.75.

Figure 7.- Aerodynamic quantities involved in the estimation of
flutter characteristics for wings 400 and 4OOR by use of total
aerodynamic parameters.
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represent data from reference 10 (wing with NACA 65A004 airfoil).
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(b) Calculated spanwise distribution of Cla n which was used in
2

combination with the experimental steady-flow total aerodynamic

parameters of figure 8(a) in flutter calculations for wing 4001.

Values of Cj, , shown were calculated by the method of refer-
)

ence 8 for M = 0.75.
Figure 8.- Aerodynamic quantities involved in the estimation of

flutter characteristics for wing 4001 by use of total aero-
dynamic parameters.
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Figure 9.- Experimental two-dimensional steady-flow lift-curve slope
for NACA 65A004 airfoil at zero 1lift as given in reference 1k and
the relation of this quantity to linear-theory two-dimensional
steady-flow lift-curve slope.

CONFIDENTIAL



“-vee

TTT CONFIUENTIAL

-

6°T

*098/13 0°¢¢L =

4y pue 93 no/3nTs 00gL00T0 =

squtod pajzeIMOTBO I04 ‘G JUTA J0J JoqumMu YOo®BW Y3TM psads J999nTJ .wo UOT3BIIBA -°QT o2anITg
L 91 Gt Lk £t 2t T 0°1 9* e ¢* 2 T 0
i m-
| b
| \\8 Mu
v
\@@O & 0T
0 O /
sao |
> T
p S 4
7 ,
O 21
o/
\ (344
71C - _ T
f
61
OO SUOT3OUNT UOTFETNOJITY MOTJ-0TqIsseuducou] puw
c 2 pus T eeandiy woay Yos pus :.Uﬂo TejuewiJedxy %
9°1
! Z pus T Seanf1J uo §w di3 oyl asou Lgoeyy didais
) 03 WIOJUOD 03 pedslls Yse pus c.ugo TeauGWILEdXE 7
i 4 - 2 pus [ seandiy moxy Yom pw c.n:o squewTaadyy e ——— | 4°T
| C «
! ! o 1 eousaejed woxy Yow pus Y °fy Teorjeaceyy —
! T , Buisn UoI3eTNITED I03307g 61
D\‘\ : JUeMIeiXe 18330Td O

CONFIDENTIAL



CONEYTEND

IAL

squiod pajzBTNOTBY JI04

*098/3F 0°0%g = YA Ppwe 3J nd/Burs 000¢00°0 = O
*JGHt BUTM I0F JoqumMu YOBW U3TM peads JI9994NTJ JO UOT}VIIBA -°TT oJNITg

K
1t 120 21 1 0*1 6 g8° L 9 G L ¢ e T 0
_ m'
|
|
B 6
7 /O
* m o /.Vnwlm” 0°1T
Y\m\u &Oﬂ%@ P — .AW/mT I
7]
00 ©
ARG A
A © \O 4y
AN o -
A N A
N ¢ T
Ao
:.H
A N‘ © (TBjuswiIedxe) I0330TJ ON A
& z pue T seand(y woxy Yow pus c.uﬂo Tejuswidedxy VL — 61
1 eouegejed wol] Yos pus a.fo I8oj3edoey; (F——
Fuisn uUoJ38eINOTBO 403301 9ot
AN
A quguitdedxe 46330Td O
JARN

CONFIDENTIAL



v

- CONFIDENFIAE -

-09s/13 L'ge6 = o puwe 37 no/AnTs gL¢200°0 = O
sjutod pa3BINOTBO J04 ¥WGHh JUTM JOJ Jaqumu UOBW YITM poads JI93140NTJ JO UOTIBIIBA -°gT oJINITJ

N
61 o1 ¢ 1 1 T 0° T 6° 8" Lo g° g 1 ¢ 2 1 0
m.
«mw
f 01
Vo
7 \M*% C Mﬁlﬁl/
\\\Q o|9 _ — |
\ — = 11
A
2'T
nr g1
1 JQH
\& o
CH
@) G 1
2 pus T seandiy woxJ Yow pue U971, rguemiaedXy Yo ——— -
q
1 eouedeJol woly Uoe puw U1, 1gopgedosul —
Buisn HoIIBINOTED L933NTA
L1
JuemLedXs I8330NTd O
8°1

CONFIDENTIAL



rew®

k3

NFIDENTIAL

¢o

sqjutod pPs3BTNOTED I04

9°1

G 1

"o9s/suetpea g61‘z = R puw 33 no/InTs 00gLO0 O = J

L

"Ghh BuTa I0F JoqUMU YOBW YITM Adusnball Is33NTJ JO UOTYBIIEA ~*¢T oanITy

€T

1T

o1

N

mt

m- N.o @o mn 4.—- m- Ad

T°

&
£

&
A=

BUOTIOUNJ UCTIBINOITY MOTJ-eTqlesexdwoouy puw

2 vue T seandtl woxy Yo puw n.uﬂo Tejuemxedxyg bvg

2 pus T seand1y uc ey d13 eyl Jeeu Lgoegy dla3s

03 mIoJuod 03 pese3Te Yo puw n.go Tesjusmiledxy ~

2 pus 1 sexndyy woxy Uow pus a.fo TejuentIedyy v
T eduedsled woaJ Yoe pus :.So T8oT3 000y, F—mu—

Fuisn uoTRINOTEO Je33INTd

jueuwtgedye J933nTd O

mo

9*

N.c

mo

¥

CONFIDENTIAL



-~ CONF 1 DERFRIAR -

- e

gqurod ps3eINOTBO JI04

* 038 /sSUBTPBI #HTT = R pus 37 ﬁo\mdﬁm 000¢00°0 = d

*dCHY BUTM J0F J9qUMU YOBW UITA Lousnbaal I1933NTI JO UOTIBTJIBA = {1 9INITJ

@-

N

4
2 pus T €eINI[J wWoIJ Use pus u dgo TejueuwtIedxy F—m ——
¢
1 eousasjed woxj Yoe pus 9014 {gorzedoeyl O——

Fuisn uUo(3BINOTBO a0330TJ

juewtaedxs Je3anld O

—t

O Op

Yo

T°

2

Mo

&

0°1

CONFIDENTIAL



LEIREIITAE

LR

-
-

®0)

sjutod paqBINOTBY J04

.oom\mqmﬁvmn 90¢°¢2 =Tn pus 133 SU\mzAm L2000 = d
*¥GHt BuTM J0J Jequmu YoBW YiTm Adousnbsal I9334NTJ JO UOTIBIIBA -"GT 9anITg

W
g1 11 ¢°T AR 11 0°T 6* g* L 9° G ° ¢ 2 T 0
0
H.
N.
fop i
g,
o e
I i vd
0]
!
> | T
e}
e}
mo
w.
u‘n
Z pus T seandiJ woay Yos puw 15 1BjuswiJIedXy PFmo ——
i
; 1 eouedeJed wWodJ Uos pus U9, rgoj3ea08ul o
Fuisn UCTIBTNOTEBD JI6330TJd Le
jusmiIedxe J9330Td O

g*

3%

CONFIDENTIAL



46

= - - . - - e T LTl
i - - - .- - w - - * - ww - -
I M hd . - . - e » v e - = .
= e - -e . w - e w bor' EJEN sz - - -.w
1.8 —
() Flutter experiment ?
L6 Flutter calculation using )
1 Thecretical Gy, . Bnd ac, from refersnce 1
—— —\ Experimental C;, _ and acp from figure L
’
Loy /< Experimental cln n and ac, from figure § -
ty Expsrimental Czq,n and ac, from figure |
L2 and using two-dimenalonal Cia exp from - . —
figure 9 in the clirculation functions
——— -V Experimsntsal CLC and mcy from figure 7
[ B = - e
3.8} -t - //
3.6 /
3els / S
342 - /
3a0 —— /
2.8
2.6 PR R - L/
2. _ /
/ &
22— - ! [ JR—
2.0} —qe- - - - ]' -
1.8 - — {f\‘
[N
1.6 { - R S S
[ c
1.4 t L .- o] ° =]
!
e}
)\0\*% 7{5 / o
~ \
N
1.2 ~ S ~_— [5)
% O
O(@
© Qg@ o)
1.0 13JRAN -
.8 —
0 1 .2 3 It 5 [3 7 8 9 1.0 1.1 1.2 1.3 1ay 1
|

Figure 16.- Variation of flutter speed with Mach number for

wing 400.

For calculated points p = 0.002378 slug/cu ft

and Vg = 976.5 ft/sec.

CONFIDENTIAL



-
. v

- .-
- -
s v~

- CQNEIDENTTAL

squtod polBINOTEBY JI04

995 /43 G gég = 87 pue 33 nd/InTs 00TS00°0 = I

‘400 BuTM J0J J9qUMU YOBW YITM posds I934nTJ JO UOTIBIIBA -°LT 9InITd

W
g1 o1 ¢ 1 21 1 o't 6e g Lo 9 g e ¢ 2 T 0
o1
N
N
o) (e} A—Nv K|V
1T
: N
Q84N
o % / .
- $. (Ckf 21
/ %L 0 TS —
/ NV /U/é
~ ' ¢ 1
0 Y M
u/./
/ — e r
Iy (
° /
(204
ol ® ﬁ«
-
m 91
. \ L ean813 woay Now pue b TejueutIedXy A
\ \ SUOT]OUNJ WOT3BINOLTIO 6UY3 U] § eand1j
C wo.uxy dxe P15 {eucisusuip-omy Fuisn pus L1
> 9 \ 7 eandy woug Yow pus :.So TejUowiIedxy
u u‘ng
9 eand1g woay Yos pus . 0 Tejuewldedxy ¥ g°1
1 eand1J wolj Usg pus © Ply TejuemTLadXy v A—
T @ouedejsd wodJ Yow pus u 30 Ts073ed00Yyl F—-—
6°1
D\ BUIEN UOTABTNOTBY J833NTd
,v juewiledxe Jde3jnid O

CONFIDENTIAL



-wew

.

CONFT

DENTTAL

LR

48

- 098 /SUBTPRI (on‘Z = “m pue 33 no/gnts gLez00'0 = d

squtod pa3eINOTEBD J04 Q0% BUTM JOJ JoquMu YO8N Y3Ta Lousnbaajy I9330NTJI JO UOTIBIIBA -+QT 2an3dtg
. - . H)H
1 ¢*T 21 1 ¢t 6 8" L 9° ge i ¢* 2 1" 0
T .
A ! B @ ki
; [
| ! o0Bo Pg9
! | !
M Ooe :
: i ! g
-l - T !
AR
L : Q m - —i
| | | | ”
! ,ﬁ
7 ‘ ”
! M L
! y I |
: / |
W w
: ‘ ¢
1 i W 6
i ! | ad
| : ! -
L W W
| ‘ : i o't
| | | ,
j |
| , L eand1y woay Now pus uqo TsjuewiIedxy [ —— vt
i SUOTAIUNG UOTIBINOITD oyl U § sanI1J
+ 3
; N | | woay dx8‘vy rguorsuemip-ony Suisn pus 21
‘ | | ean3py wouy Yos pus ¥ P15 rejuemtaedxg <
7 W 9 sand1y woug Yos pus U'Dr, Iejuewredyy % ;
‘ z°T
! f] eanB13 wougy Yow pus u P15 Teauswlaedxy P —
| |
, i gH eousdeJed woxl Yow pusm n.dso 180730004l (oo
+ . i ire
! W Fujsn uUoJIBTNOTHO L839NTA 1
! i
‘ |
juewidedxa J933ntd O

CONFIDENTTIAL



CONFIBENTIAL "

"09s/suBTPBI 2g6‘T = v pue  3F nd/3NTs 00TL00°0 = I

sjutod pe3eInNOTEBY J04 -HOOH JUTM I0J J2qUMU YOBW Y3iTa Adousnbaay 1833nTJ JO UOTIBTIBA -6 9INITd

N
o1 1 ¢t Cal 1 0"t 6 g L 9 g us g 2 T 0
0
T
N.
ﬂc
o O o
- © o i
© o) il
™
© o " T e =R & iy
Q O G*
D a
L eandiy woay Nos pus "Iy Tsiuswiasdyy A ——
SUOTYOUNF UOTAWINOLIO aU3 uj 6 oandiJ
1 .
woxg dxe P15 teuorsuswTp-om3 FUISL PUB L
f sand1J woxJ Uss pus Y P15 rejuempaedxy
£
9 eand1y woxy Yow pus Y1, 1equsutaedxy % g8°
£
f eand1y woay Yoe pus U0, tpquemiaedxy Y ——
£
T eouegeged woaJ Yoe pus © Ply Teo(aesosuyl O g
Buisn UOTIBINOTBY I8330Td
m quewtasdxe Jde34nTd O
Il

CONFIDENTIAL



L4 LIS -

. T S R R R TR
50 Tttt © ste Tewe TLCLCONFIRENTIAL.S 1 D L.t
2.5 T
O PFlutter experiment
2.4
Plutter calculation using
——————1] Theoretical clu o and acy from reference 1 EJ
243 | ——— %7 Experimental CLg and ac, from figure 8
(wing with NACA 63A0Ck airfoll) ‘
s Y Experimental Cp, and acy from figure 8 i
(wing with NACA 658004 airfoil) | | /
2T - ‘
|
1 s ]
2.0 | \
‘ % —
1.9 ' l f
Ly )
1.8 ] ’ |
]
(o
1.7 [
AR 8
1.6 [’ / | | /
1.5 D ] ‘\;7 }I
t T / I ) )
/ | °
1. T {L / 7 ®
T dé@o Y
143 (== 7 \&S
o oC o)
D
®
1.2 [6)
1.1 ]
1.0 N 2 3 b 5 6 7 .8 5 1.0 1.1 1.2 1.3 14

Figure 20.- Variation of flutter speed with Mach number for
wing LOOl. For calculated points p = 0.002378 slug/cu ft
and VR = 828.5 ft/sec.
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